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INTRODUCTION 
Transpor t  of  meta l  ions  across  b io log ica l  membranes  is f requent ly  
med ia ted  by gat ing  prote ins  wh ich  open and  c lose  membrane channe ls .  
The  gat ing  mechan ism o f ten  invo lves  the b ind ing  of  ac t ivator  mo le -  
cu les .  A we l l - s tud ied  example  of  suoh  an ion f lux  cont ro l  sys tem is 
the acety lcho l ine  receptor  of e lec t r i c  f i sh  e lec t rop lax  and  of 
ske le ta l  musc les .  
Unequ ivoca l  in fo rmat ion  about  the gat ing  mechan ism cont ro l l ing  
channe l  open ing  and  c los ing  can  be obta ined  f rom a s tudy  of  the  
t ransmembrane f low of ions  (Neumann and Bernhardt ,  1977) .  T ranspor t  
of  ions  can  be ind icated  e lec t r i ca l ly  (e .g . ,  conductance  measurement ) ,  
or  chemica l ly ,  by  d i rec t  determinat ion  of  ion concent ra t ions .  Very  
promis ing  are  e lec t r i ca l  measurements  w i th  p lanar  b i layers  in to  wh ich  
i so la ted  gat ing  prote ins  have  been incorporated  (Sch ind ler  and  Quast ,  
1980;  Ne lson  et al .  1980) .  
In the past  the t racer  ion f lux  techn ique  has  been used  extens ive ly  
as a qua l i ta t ive  ind icator  for  gat ing  processes .  T racer  ion f luxes  
f rom or in to  sea led  membrane f ragments ,  ves ic les  or ent i re  ce l l s  may 
be measured .  In the  case  of  the acety lcho l ine  receptor  gat ing  
sys tem,  sea led  membrane f ragments  (mic rosacs)  r i ch  in receptors  can  
be prepared  f rom the  homogenate  of  nat ive  t i ssue  (Kasa i  and  
Changeux ,  1971)  ; f lux  proper t ies  can  a l so  be s tud ied  w i th  l ip id  
ves ic les  in wh ich  i so la ted  receptors  are  reconst i tu ted .  The  pr ime 
means  of  invest igat ing  gat ing  processes  is then  the dependence  of  the 
f lux  ra te  upon the concent ra t ion  of  ac t ivator  mo lecu les  wh ich  act ivate  
or inact ivate  the gat ing  sys tem.  
In a po ineer ing  s tudy  Kasa i  and  Changeux  (1970) showed that ,  for  mic ro  
sacs  f rom E lec t rophorus  e lec t r i cus ,  a phenomeno log ica l  f lux  parameter  
based  on the ha l f - t ime for  t racer  ion e f f lux  exh ib i t s  a l igand concen-  
t ra t ion  dependence  wh ich  para l le l s  in v ivo  dose- response  measurements  
of the e lec t rop lax .  S ince  then  there  have  been cons iderab le  advances  
in both  exper imenta l  techn ique  and  theoret i ca l  ana lys i s  of f lux  data  
(Hess et al.  1975,  1978;  Popot  et  al.  1976;  Bernhardt  and Neumann,  
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1978,  1980;  Moore  e t  al .  1979)  . Most  p romis ing  appears  the  recent  
deve lopment  o f  rap id  quench- f low methods  fo r  f lux  measurement  in the  
ms t ime range  (Hess  e t  a l .  1979;  Aosh ima et  al .  , 1980;  Neub ig  and  
Cohen,  1980) .  
Theoret i ca l ly ,  the  in t roduct ion  of  in tegrated  f lux  ra te  coef f i c ients  
(Bernhardt  and  Neumann,  1978)  in to  the  ana lys i s  o f  f lux  measurements  
prov ides  a r igorous  too l  fo r  the  s tudy  of  gat ing  mechan isms.  The  
recent  app l i ca t ion  of  th i s  method to the  acety lcho l ine  sys tem has  
revea led  that  the  receptor  in i so la ted  membrane  f ragments  of  Torpedo  
marmorata  a pr io r i  ex i s ts  in two  conformat ions :  an ac t ivatab le  
s t ruc ture  lead ing  to  ion  f low upon act ivator  b ind ing  and  an in -  
ac t ivated ,  desens i t i zed  conformat ion .  The  funct iona l ly  re levant ,  
ion -conduct ing  s t ruc ture  is a t rans ient ,  metastab le  s ta te ;  in the  
presence  of  ac t ivator  the  inact ivated  s t ruc ture  is the  most  s tab le  
s ta te .  The  fo rward  ra te  constant  fo r  inact ivat ion  is much la rger  
than  the  backward  ra te  constant .  Inact ivat ion  occurs  v ia  the  
t rans ient ,  shor t - l i ved  conduct ing  conformat ion  but  a l so  (to about  20%) 
v ia  d i rec t  b ind ing  of  ac t ivator  mo lecu les  to the  inact ivated  s t ruc ture  
(Bernhardt  and  Neumann,  1978;  see a l so  Neumann,  1979)  . 
THE OVERALL  FLUX 
A deta i led  der ivat ion  of  the  express ion  fo r  the  to ta l  amount  o f  
t racer  ions ,  X( t )  , hav ing  f lown in to  or  f rom a set  o f  mic rosacs  as a 
funct ion  of  t ime,  t, has  been  presented  e l sewhere  (Bernhardt  and  
Neumann,  1978,  1980)  . S tar t ing  f rom the  k inet i c  equat ion  fo r  s ing le  
mic rosac  f lux  it  can  be shown that  f lux  gat ing  processes  occur ing  on 
the  same t ime sca le  as  the  f lux  i t se l f ,  requ i re  in t roduct ion  of  an 
in tegrated  ampl i tude  fac tor  
t 
K t) = k f~(T)  dT (i) 
o 
where  k is the  in t r ins lc  ra te  constant  fo r  ion  t ranspor t  th rough a 
s ing le  channe l ,  and  ~( t )  is the  ( t ime-dependent )  f rac t ion  of  channe ls  
on  a mic rosac  that  a re  open at  t ime t. The  amount  o f  t racer  ions  
x. (t) , w i th in  the  i - th  mic rosac  in a t racer  e f f lux  exper iment  is 
1 g lven  by  
x. (t) : x. (0) . exp  [ -n  i <( t ) ]  (2) 
l 1 
where  n. is the  to ta l  number  o f  channe ls  on the  ' i - th  mic rosac ,  and  
x (0) i~ the  in i t ia l  concent ra t ion  of  in terna l  t racer  ions .  The  
t~ta l  number  o f  t racer  ions ,  in a co l lec t ion  of  mic rosacs  is then  
X( t )  = Z x (t) (3) 
1 
i 
For  p ract i ca l  reasons  i t  is d i f f i cu l t  to  p repare  a per fec t ly  homo-  
geneous  popu la t ion  o f  mic rosacs .  One  obta ins  ins tead ,  a mix ture  of  
ves ic les ,  d i f fe r ing  in s i ze  and  thus  in to ta l  number  o f  ac t ivatab le  
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channe ls .  In t roduc ing  the  probab i l i ty  P , that  a g iven  microsac  has  
n 
a to ta l  o f  n ac t ivatab le  channe ls ,  one  can  rewr i te  the  summat ion  in 
Eq .  (3): 
n=n 
X( t )  = Vx(0)  ~ max p exp[ -nK  (t)] (4) 
n 
n=o 
where  9 is the  to ta l  number  o f  mic rosacs ,  and  x (0)  is the  average  
in i t ia l  t racer  content  o f  a mic rosac .  ~MO4el l ing  ~ by  a normal  
d i s t r ibut ion ,  i .e .  P = P (n)dn  = (2~uz) - I /Zexp  ~-~n-n)  2 / (2~O2)~dn,  
n . 
and  subst i tu t ing  ln tegrat lon  over  n fo r  the  summat ion ,  one  obta ins  
fo r  e f f lux :  
2 
X( t )  = ~x(0)exp{-n<(t )  [ 1 -O--- ~( t ) ]  } (5) 
2~ 
An ana logous  der ivat ion  y ie lds  the  cor respond ing  equat ion  fo r  overa l l  
in f lux :  
~(t) = v~(0)  
2 
1-exp{nK( t )  [ I -  U__..__ <(t)'] } ). 
2n 
(6) 
EXPERIMENTAL DETERMINATION OF  FLUX PARAMETERS 
The  fundamenta l  Eqs .  (5) and  (6) can  be recast  to  i l l us t ra te  the  
connect ion  w i th  measurab le  quant i t ies .  For  e f f lu~ one  obta ins :  
2 
X( t )  = DVC ~ exp  { -n K( t )  ![ i- O___ K ( t ) I  } (7) 
o 2~ 
where  
D = dens i ty  o f  the  suspens ion  (microsacs /un i t  vo lume)  
V = vo lume o f  suspens ion  
C = in i t ia l  concent ra t ion  of  t racer  ions  
o 
= average  vo lume o f  a mic rosac  
= mean to ta l  number  o f  channe ls  per  mic rosac  
02 = var iance  in number  o f  channe ls  per  mic rosac  
The  in format ion  on  the  mechan ism of  the  gat ing  process  is  conta ined  
in K (t) , g iven  by  Eq.  (i) . As  recent ly  shown (Bernhardt  and  
Neumann,  1978)  fo r  l igand- induced inact ivat ion  o f  acety lcho l ine  
receptors ,  the  t ime-dependent  f rac t ion  o f  open channe ls  ~( t )  , can  be  
determined f rom the  t ime course  o f  the  f lux  data .  
As ide  f rom <(t )  , a l l  var iab les  in equat ion  (7) a re  funct ions  o f  the  
mater ia l s  used ,  and  the  method o f  p reparat ion .  I t  is not  necessary  
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to determine  the  pre -exponent ia l  fac tors ;  th i s  p roduct  is g iven  by  
X(0)  = DVC v. I t  is now conven ient  to express  the  measured  f lux  
data  at  a g iven  to ta l  concent ra t ion  of  the  ac t ivator  l igand ,  A, in 
te rms of  a d imens ion less  quant i ty  P ( t )  . For  ins tance ,  in an e f f lux  
exper iment ,  
P ( t )  : X(O)  X( t )  (8) 
~:(o) ~(~, s) 
where  X(~,s )  is the  min imum amount  o f  t racer  ions  w i th in  the  
ves ic les  a t  t ÷ ~ under  saturat ing  concent ra t ions  o f  the  ac t ivator :  
[A] >>[RT') . For  e f f lux  in to  a la rge  vo lume o f  so lu t ion ,  at  t + c~,, 
usua l ly  X (~,s )  = X(~)  << X(0)  . I f  now dur ing  the  t ime of  the  f lux  
measurements ,  channe ls  inact ivate  (desens i t i ze )  , then  X(t )  
approaches  a constant  leve l  X(~)  ! X (~,s )  cor respond ing  to 
<(~)  ~ <(~,s )  ; the  va lue  of  X(~)  and  thus  K(~)  depends  on the  
ac t ivator  concent ra t ion .  For  t ÷ ~, channe l  inact ivat ion  there fore  
leads  to  para l le l  e f f lux  (or in f lux )  curves  wh ich  are  access ib le  
to a par t i cu la r ly  s imp le  f lux  ampl i tude  ana lys i s  (Bernhardt  and  
Neumann,  1978)  . Note  that  w i th  Eq.  (5) , X (0)  = D V C ~ : \Ix(0) , 
the  f rac t ion  P ( t )  is independent  o f  X (0)  and  that  05°P( t )  ~ i. 
The  parameters  n and  d 2 can  be determined  us ing  a techn ique  f i r s t  
employed  by  Moore  e t  a l .  (1979)  . Through cont ro l led  add i t ion  of  an 
i r revers ib ly  ac t ing  inh ib i to r  o f  the  gat ing  sys tem,  one  can  success -  
i ve ly  reduce  the  number  o f  channe ls  cont r ibut ing  to f lux .  However ,  
as  shown recent ly  (Bernhardt  and  Neumann,  1980)  , a b road  d is t r i -  
but ion  of  f rac t iona l ly  inh ib i ted  microsacs  resu l t s .  The  probab i l i ty  
U In) that  the  i - th  mic rosac  has  m of  i t s  n to ta l  channe ls  inh i -  
b i ted  is g iven  by:  
(n) ~ m n-m 
Pm : ( ) ( I -~) (9) 
Note  that  now ~=Zm /~n is the  f rac t ion  of  a l l  i r revers ib ly  inh ib -  
i ted  channe ls  on a l l  t~e  microsacs  o f  the  suspens ion :  i .e . ,  mo les  
o f  inh ib i to r  added dev ided  by  moles  o f  channe ls ;  (~) : n ! / rn !  (n-m) !] 
is the  b inomia l  coe f f i c ient .  
For  e f f lux  data ,  the  dependence  of  X(t )  on d is g iven  by:  
n 
(n) -m< (t) 
X(O~,t) = x(O)  fP (n )  ~ !4 e 
m=o m 
dn (i0) 
= x(0) 1 [~- (°~/2) ln l ]  
where  
l (~ , t )  = e -<( t )  +~(1-e  -<( t )  ) 
I n  order  to determine  n and  02 it  is necessary  to measure  the  d-  
dependence  o f  the  re la t ive  f lux  ampl i tude  
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~(0)  - ~(~,=)  ~ (~,=)  = 
~(0)  - ~(0 ,~,s )  
( t l )  
der ived  by app ly ing  Eq. (I0) to Eq. (8) w i th  X(d ,0)  = X(0) at t=0.  
Measurements  accord ing  to Eq. (11) were  imp l i c i te ly  car r ied  out  by 
Moore  et  al. (1979) ; the i r  f igure  3 is essent ia l l y  a p lo t  of P (~,~)  
versus  ~, w i th  K(~) = <(~,s )  = k /k  d where  k is the f lux  ra te  constant  
(see Eq. (i)) and  k~ is the fo rward  ra te  constant  for  the inact ivat ion  
process  (Bernhardt -and  Neumann,  1978) .  
1.0 ¸  
0.8 
n=5 
fl=lO 
Pc=-1 
06- 
0.;~. 
f l=l 
0.2. 
o ~ Q~. d6 o~ 
Fig. "1 Reduct ion  in the f lux  ampl i tude  P (~,~)  , 
w i th  inc reas ing  f rac t ion  5, of  to ta l  
channe ls  i r revers ib ly  b locked  by inh ib i to r  
(see text ) ,  accord ing  to Eq. (10) . The  
cases  n=I ,5 ,  I0 ,25  and  50, w i th  02=0 and 
<(~,s )= l ,  are  dep ic ted .  
In F igure  I, the dependence  of  P (~,~)  on ~ is shown for  var ious  
va lues  of n w i th  <(~,s )= l  and  02=0.  It  is read i ly  seen  that  the 
curve  for  nS l0  represents  a good  f i t  to the f lux  data  of Moore  et  al. 
I t  is there fore  not  necessary  ad hoc  to invoke  excess  or spare  re -  
ceptors  (Moore  et al. 1979;  Neub ig  and  Cohen,  1980) in o rder  to 
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unders tand  the  curvature  in P (d ,~)  versus  ~ curves .  The  reason  fo r  
the  curvature  when n>1 is so le ly  due  to the  power  law dependence  on 
in Eq.  (i0) . However ,  a s ing le  exponent ia l  (see Eq.  (5) o f  Moore  
et  a l . )  cannot  adequate ly  approx imate  Zhe summat ion  imp l i c i t  in 
Eq.  (I0) of  th i s  s tudy ;  fo r  example ,  it wou ld  not  account  fo r  the  
f rac t ion  ~(n)= ~[~ - (O2/2)  In~ ] of  mic rosacs  w i th  a l l  channe ls  in -  
D h ib i ted  wh ich  no longer  cont r ibute  to f lux  (Bernhardt  and  Neumann,  
1980) .  
Determinat ion  of  n and  02 requ i res  f i t t ing  of  P (~,~)  versus  ~ data  
accord ing  to Eq.  (i0) . Dev ia t ions  f rom c2=0 can  be used  to determine  
02 f rom the  d -dependence  of  the  te rm (U2/2)  in ~(~,~)  in Eq.  (I0) ; 
Bernhardt ,  Moss ,  and  Neumann,  in p rep .  
THE INTRINS IC  FLUX RATE CONSTANT 
The  t racer  ions  may t rans ient ly  b ind  to s i tes  w i th in  the  channe l .  
The  f lux  process  can  then  be represented  by the  react ion  scheme (of 
min imum complex i ty ) :  
k b k t k b 
N + R ~___T NR _ " NR ~"  N + R (12) 
k k k 
-b - t  -b 
where  R denotes  the  unoccup ied  channe l  s i te ,  N denotes  t racer  ions  
ins ide  the  microsac ,  NR denotes  t racer  ions  bound to  in terna l  
channe l  s i tes ,  and  the  s tar red  quant i t ies  a re  the  cor respond ing  
s~ec ies  ~n the  exter io r  o f  the  microsacs .  The  quant i t ies  k ,k_b  , 
k b and  k_b  are ,  respect ive ly ,  the  ra te  constants  fo r  in terna l  
and  externa l  b ind ing  and  d issoc ia t ion ,  and  k t and  k_ t  a re  the  ra te  
constants  fo r  t ranspor t  th rough the  channe l .  The  cor respond ing  
equ i l ib r ium constants  fo r  channe l  ion -s i te  b ind ing  and  for  t ranspor t  
a re  de f ined  by  Kb=k_b/k  b and  Kb=k_b/kb ,  and  Kt=k_t /k t ,  respect ive ly .  
Accord ing  to  Eq.  (12) the  f lux  k inet i cs  is genera l ly  character i zed  by  
three  d i s t inc t  react ion modes .  Depend ing  on exper imenta l  const ra in ts  
these  modes  may be w ide ly  separated  on the  t ime sca le .  Two l im i t ing  
cases  are  d i scussed .  
(I) B ind ing  of  t racer  ions  is s lower  than  t ranspor t .  In genera l  the  
ra te  of  b ind ing  depends  on the  concent ra t ion  of  both  t racer  ions  and  
channe l  b ind ing  s i tes .  The  e f fec t ive  to ta l  mo lar  concent ra t ion  o f  
in terna l  s i tes  is g iven  by  [R T] = n / (v  N A) where  NA is the  Avogadro  
number .  S ince  the  to ta l  number  of  mic rosacs  is g lven  b~ g=D-V,  see  
Eq.  (7) , the  molar  concent ra t ion  of  externa l  s i tes  is [R  T] = n g/  
[NA( I -D  v)] . Note  that  in a g iven  preparat ion  [RT] is a lways  f i xed  
wh i le  [RT] depends  on the  va lue  of  D chosen ,  and  is thus  an 
exper imenta l  var iab le .  
Assuming  spher ica l  s i ze  fo r  the  microsacs  of  average  rad ius  r, one  
obta ins  [R T] = n / [ (4 /3 )~93,  NA I~ 4x l0 -6n / r  3 , M, where  ~ is g iven  in 
~m. Now,  rap id  b ind ing  equ i l ib r ia  invo lv in~ a lka l i  meta l  ions  a re  
usua l ly  d i f fus ion -cont ro l led ;  i .e .  k. and  k, a re  in the  order  of  
1010 ~ -1  * - 1 - -  D D M-~S and K~ ~ K~ ~ 10 M. One then  es t imates  that  
k ~ 109 s -1 . For  acety lcho l ine  receptor  mic rosacs  r is k -b  -b 
Physical Factors Determining Gated Flux 249 
about  0 .1<r<1~m,  there fore  [RT]  kb<< k_bmk:b .  Exper ience  w i th  
Torpedo  mic rosacs  ind icates  that  fo r  re la t ive ly  dense  suspens ions ,  
[R~] < I0 -6M,  and  there fore  [RT]kb<<k:b~k_b  . 
For  i r revers ib le  t ranspor t  as mode l led  by s ing le  mic rosac  f lux  in to  
a la rge  reservo i r  dx. ( t ) /d t  = -n . .k :x i ( t )  , Eq. (12) reduces  to 
. l ~ < • 
N+R. . . - -~  NR ,~ N*R ~- N*+R,  w i th  [RT] ~ [R] . When [RT]kb  < k_b~k_b  and  
[RT]k~<<k b~k_b  - ~ - is va l id  (as out l ined  above) ,  the rec ip roca l  
react ion  t lmes  for  the two s lowest  p rocesses  are I/~T4 = R~ k~ and  
+k* wher  >> o i ~ • . . u I /Y2=k ~ b /K~,  e T I T2, f r e f f  ux; and I /T l=  [RT]~ b and  
- -  ;u  - u ,~> . 
I/T'2=k b+k , K t, where  T I %2' for  in f lux .  The in t r ins ic  f lux  ra te  
constants  ape,  for  e f f lux :  
and  for  in f lux :  
k = kb / (NA-~)  , (13) 
k = kbD/ [N  A, ( I -Dv) (14) 
(II) T ranspor t  of  t racer  ions  is fas ter  than  b ind ing .  Reduc ing  the 
react ion  scheme Eq. (12) to the fo rm N+R #NR ~ N ~ + R y ie lds  a k inet i c  
equat ion  whose  so lu t ion  is character i zed  by one react ion  t ime 
constant  I/T = k t [RT I / (Kb+[R_] )  for  e f f lux ,  and .  l<T ~ k_ t [RT] / (Kb+[RT] )  
T" - <Kb, and  [RT I  <Kb,  one obta ins  for  in f lux .  Thus ,  not ing  that  [RT J< 
for  e f f lux :  
k = k t /  (NAVK b) , 15) 
and for  in f lux :  
k = k_ tD/ [N  A K b ( l -Dv) ] 16) 
L imi t ing  case  (I) shou ld  app ly  to smal l  ca t ion ic  t racer  spec as, 
wh i le  case  (II) may  be va l id  for  la rge  molecu les  w i th  low t ranspor t  
ra tes  (Adams et el.  1980;  Dwyer  et el. 1980) . 
One impor tant  mod i f i ca t ion  in the above  t reatment  is necessary  to 
account  for  compet i t ion  w i th  o ther  permeant  spec ies .  In o rder  to 
avo id  complex i t ies  due to coup l ing  of  t racer  ion f lux  to non-  
equ i l ib r ium f luxes  of  o ther  ions ,  it is adv isab le  to make  the 
in terna l  and  the externa l  med ia  of the mic rosacs  ident i ca l  in the 
compos i t ion  of non- t racer  spec ies  (Hess et el.  1975) .  T racer  ion 
f lux  w i l l  never the less  depend on the equ i l ib r ium concent ra t ion  of 
these  ions .  The  f lux  ra te  constant  g iven  by Eqs.  (13) - (16)  must  be 
mul t ip l ied  by a fac tor  ~ g iven  by 
¢ = (i + Z[~]K$ i)-i  (17) 
I 
where  [ I J  is the concent ra t ion  of spec ies  I, and  K is the equ i l i -  
b r ium constant  for  d i ssoc ia t ion  of I f rom the chan~el .  Neg lec t  of 
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compet i t ion  of  ions  I fo r  channe l  s i tes  may account  for  some of the  
d i sc repanc ies  found in compar ing  e lec t rophys io log ica l ly  measured  
channe l  conductances  to t racer  ion  f lux  ra tes  (M i l le r  and  Racker ,  
1979) .  
In summary ,  the  in t roduct ion  of  in tegrated  f lux  ra te  coe f f i c ients  
in to  the  ana lys i s  of  f lux  measurement  has  proved  to be a power fu l  
too l  for  the  s tudy  of ac t ivator - receptor  med ia ted  gat ing  of  ion  
f lows .  In par t i cu la r ,  the  fac t  that  mic rosacs  w i th  d i f fe rent  
numbers  of open  channe ls  have  d i f fe rent  f lux  ra tes  requ i res  the  
deve lopment  of  a deta i led  fo rmal i sm in te rms of  t rans ient  t racer  ion  
b ind ing  and  spec i f i c  gat ing  processes .  It tu rns  out  that  the  d i s -  
t r ibut ion  of mic rosacs  as we l l  as that  of  open  channe ls  per  mic ro -  
sac a re  impor tant  fac tors  in a r igorous  ana lys i s  of  f lux  data .  
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